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Abstract 
In this study, a new method for synthesis poxidatied castor oil (ECO) is engaged. A series of waterborne 
polyurethane dispersions (WPUs) were synthesized using polytetramethylene ether glycol (PTMEG), toluene 
diisocyanate (TDI-80), and ECO. These WPUs can be crosslinked spontaneously upon drying, without extra additives 
or processing steps. Moreover, the particle size, and morphology of WPUs were examined with light scattering 
ultrafine particle analyzer, and transmission electron microscopy. The anti-water, thermal and mechanical properties 
were also studied. Results reveal that the particle size of WPUs mainly depends on the concentrations of ECO. The 
particle size decreases when the ECO is used. Furthermore, increased amount of ECO results in an improvement of 
the anti-water, thermal and mechanical properties of WPU films. 
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1. Introduction 
Polyurethanes (PUs) are one of the most versatile polymeric materials with regard to both processing 
methods and mechanical properties [1]. However, the conventional PU products usually contain a 
significant amount of organic solvents and sometimes even free isocyanate monomers [2]. Therefore, 
these solvent-based PUs have been gradually replaced by the waterborne polyurethanes (WPUs) in past 
decades because of the increasing need to reduce volatile organic compounds (VOCs) and hazardous air 
pollutants (HAPs) [3]. WPUs present many advantages, including non-toxic, non-flammable, non-
pollution, low viscosity at high molecular weight and good applicability, and are now one of the most 
rapidly developing and active branches of PU chemistry and technology [4]. However, the mechanical 
properties, thermal resistance and anti-water properties of WPUs are not so good as conventional PUs. 
It is known that castor oil exhibits unsaturation and hydroxyl function groups so that it has been widely 
used in the PU preparation. On the other hand, castor oil, as a polyfunctional alcohol, can react with 
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polyfunctional isocyanates to form PUs with morphologies changing from rigid foam to elastomers. 
Moreover, the multifunctional nature of castor oil may contribute toughness to the PU structure, and the 
long fatty acid chain provides flexibility [5, 6]. It is also reported that epoxy resin can improve the 
mechanical properties of PUs greatly. 
The aim of the present study is to prepare a novel system of WPUs using epoxidatied castor oil (ECO) 
as raw materials and to probe the concentration effects of ECO on the properties of WPUs. It is expected 
that ECO can provide a crosslinking capacity for WPUs, which consequently endows them with excellent 
mechanical properties. Moreover, the castor oil also contains long aliphatic chain that imparts the WPUs 
membrane good water-resistance properties. 
2. Experimental 
Unless specially mentioned, the chemicals used in this work were at least of the C.P. grade and were 
used as purchased. 
2.1. Synthesis of epoxidation castor oil 
2.1.1. Preparation of the epoxidation catalyst (M) 
A suspension of tungstic acid (2.50 g, 10 mmol) in 10 ml of 30% aqueous H2O2 was heated to 60 0C 
and stirred for 60 min. To the obtained colorless solution, at room temperature, was added 85% H3PO4 
(0.29 g, 2.5 mmol) dissolved in 1ml of water and the whole was diluted with another 20 ml of water and 
then stirred for 30 min. To the resultant solution, 1.80 g of cetylpyridiniumammonium chloride (5 mmol) 
in dichloromethane (40 ml) was added dropwise with stirring over about 2 min. Stirring was continued for 
an additional 60 min. The organic phase was then separated, dried over Na2SO4, filtered and distilled at 
50-60 0C (water bath) at atmospheric pressure. The dried yellow powder (85.0% yield by weight based 
on the quaternary ammonium salt charged) was obtained by further evaporating under reduced pressure. 
2.1.2. General procedure for the epoxidation of castor oil 
In a glass reactor, 0.0968 g of the epoxidation catalyst M (0.05 mmol), 2.46 g of cyclohexene (30 
mmol) and a certain volume of castor oil were mixed. Then 1 atm of O2 was introduced. The reaction was 
maintained at 35 0C with vigorous stirring for 2.5 h. 
2.2. Synthesis of the WPUs 
The epoxidation castor oil, polytetramethylene ether glycol (PTMEG, Mn =2000±100), 1,4-Toluene 
diisocyanate (TDI-80), and dimethylol butyric acid (DMBA) were added to a four-necked flask equipped 
with a mechanical stirrer, nitrogen inlet, condenser, and thermometer. The amount of the material was 
shown in Table 1. The reaction was carried out at 78 °C for 1 h under a dry nitrogen atmosphere, and 
10 % of acetone was added to reduce the viscosity of the system. After an additional 2 h of reaction, the 
reactants were cooled to about 40 °C and then neutralized by the addition of triethylamine (TEA), 
followed by dispersion at high speed with distilled water to produce the WPUs dispersions with a solid 
content of ∼40 wt % after removal of the acetone under vacuum. The corresponding WPUs films were 
obtained by drying the SPU dispersions at room temperature in a glass mold. 
Table 1. Chemical Composition of the WPUs 
ECO (%) 0 1 2 3 4 5 
PTMEG (%) 100 99 98 97 96 95 
TDI-80 The molar ratio between the NCO groups of the TDI-80, the OH groups of the epoxidation 
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castor oil, PTMEG and DMBA is 1.3 
DMBA 5.5 % of (DMBA/(ECO+PPG+TDI+TEA+DMBA)) 
TEA n(TEA)：n(DMBA)=0.85 
2.3. Characterization 
2.3.1. IR Analysis 
The FT-IR spectra of the WPUs films were recorded on a Nicolet 380 FT-IR spectrometer (Thermo 
Fisher Scientific Inc., US). 
2.3.2. Particle sizedistribution 
The mean particle size and the particle size distribution of the polyurethane dispersions were measured 
in zetasizer nano ZS dynamic light scattering (Malvern Instruments Ltd., UK). Before tests, the emulsion 
was diluted (50×) with distilled water. 
2.3.3. Thermogravimetry analysis (TGA) 
A thermogravimeter (TG-209F1, Netzsch, Germany) was used to measure the weight loss of the 
WPUs films under an N2 atmosphere. The samples were heated from 100 to 650 °C at a heating rate of 
20 °C /min. Generally, 5-10 mg samples were used for the thermogravimetric analysis. 
2.3.4. Mechanical analysis 
The mechanical properties of the WPUs films were determined using an universal testing machine 
(model CMT5254, SANS, China) with a crosshead speed of 50 mm/min. Rectangular specimens of 80 × 
10 mm2 (length × width) were used. An average value of at least five replicates of each sample was taken. 
The toughness of the polymer, which is the fracture energy per unit volume of the sample, was obtained 
from the area under the corresponding tensile stress-strain curve. 
2.3.5. Anti-water analysis 
The soluble fraction (Q) of the WPU films was determined as follows. Samples of ∼1 g were cut from 
the WPU films used in this study, weighed, and then immersed in an excess of water for 48 h at room 
temperature under stirring. Then, the samples were removed from the solvent and dried under a vacuum 
at 80 °C for at least 24 h. The dried samples were then weighed, and the water absorbtion percent (Q) was 
calculated by
%100
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m
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Q                                                                                                                                     (1) 
where m1 and m2 are the weight of the initial and the extracted WPU films, respectively. 
3. Results and Discussion 
3.1. Effect of castor oil concentration on the diameter of the particles for WPUs 
The infrared spectrum of WPU films is shown in Figure 1. In the infrared spectra of the two samples, 
the hydroxyl peak of PTMEG disappears at 3450cm-1, the characteristic peak of isocyanate groups 
disappears at 2270cm-1. The characteristic peak of urethane appears at 1730cm-1, indicating isocyanato 
and hydroxyl in the system reacts. In Curve b, the characteristic peak of epoxy groups disappears at 
910cm-1, indicating that epoxy groups also reacts during the process. 
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Fig.1 FT-IR of WPU films: (a) 0% ECO; (b) 5%ECO 
3.2. Effect of castor oil concentration on the diameter of the particles for WPUs 
Figure 2 shows the diameter of the particles for WPUs varies with the change of the castor oil 
concentration. It can be seen that the average particle diameter is decreased after filling ECO. Meanwhile 
the average particle diameter decreases initially with the increase of concentration of ECO. After 2 wt%, 
the average particle diameter increases. The reason for these may be the increase of the crosslinking 
degree since castor oil is multifunctional and capable of crosslinking. Which makes the molecule close to 
each other, leading to the decrease of the particle size. 
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Fig. 2 Effects of dosage of ECO on the particle size of WPUs 
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3.3. Effect of castor oil concentration on the anti-water properties of WPU films 
The dependence of the anti-water properties of the WPU films is shown in Figure 3. As we would 
expect, the anti-water property of WPU films are improved when ECO is used. A trend toward a 
decreasing Q of the WPU films with an increasing ECO concentration is also observed. This is due to 
WPU films with relatively high cross-link densities. 
0 1 2 3 4 5
20
30
40
50
W
at
er
 a
bs
or
pt
io
n/
%
wt(ECO)/%
Fig. 3 Effects of dosage of ECO on water absorption rate of WPU films 
3.4. Effect of castor oil concentration on the mechanical properties of WPU films 
Table 2 summarizes the tensile strength and elongation at break of the WPU films. It can be seen 
from Table 2, the tensile strength of WPU films increase with the increase of the concentration of ECO, 
while the elongation at break decrease at the same situation. These changes in the mechanical behavior 
are a result of the increases in the cross-link density. 
Tab. 2 Effects of dosage of ECO on mechanical Properties of WPU films 
ECO concentration (%) Tensile strength (Mpa) elongation at break (%) 
0 15.39 650 
1 26.29 600 
2 28.69 580 
3 30.12 500 
4 36.92 450 
5 39.68 420 
3.5. Thermal analysis 
Typical TG curves for the WPU films with or without ECO. It can be seen from Figure 4, the anti-
thermal property of WPU films with ECO is obviously better than that without ECO. This is indicative of 
the fact that higher cross-linking occurs in the WPU films as ECO is used. 
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Fig. 4 TG curves of WPU films: (a) 0% ECO; (b) 5%ECO 
4. Conclusions 
A novel WPUs can be synthesized using ECO. The particle size of WPUs are characterized to 
investigate the effects of the concentrations of ECO on the properties of WPUs. The particle size of 
WPUs mainly depends on the concentrations of ECO. The particle size decreases when the ECO is used. 
Also the the anti-water, thermal and mechanical properties of WPU films are improved after using ECO. 
The reason for this can be ascribed to the higher cross-linking occurs in the WPU films as ECO is used. 
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